INTRODUCTION
One of the diagnostic physical characteristics of El Niño on the northern coast of Peru is variation in the upwelling of deep, nutrient-rich water. Conditions in this region include strong upwelling and a shallow thermocline in non-El Niño years. When El Niño forms and the thermocline deepens, the source water for upwelling changes from the colder, nutrient-rich subthermocline water to nutrient-depleted, warm water originating above the thermocline (see Huyer et al., 1987 and Toggweiler et al., 1991 for a more detailed description). Additionally, the intensity of upwelling may also vary as wind direction and speed change, particularly north of 10°S latitude (Huyer et al., 1987) . The net result is that during El Niño, less deep water reaches the surface.
Although upwelling is a central defi ning characteristic of the El Niño/southern oscillation phenomenon, the instrumental records of it are brief and more ancient proxy data are sparse. Most paleo-upwelling information for the west coast of South America is derived from interpretations of sea surface temperature (SST) proxies (e.g., Andrus et al., 2002) or microfossil-based paleoproductivity estimates from nearby regions (DeVries and Schrader, 1981; Wefer et al., 1983; Loubere, 1999; Marchant et al., 1999; Hebbeln et al., 2002) . The potential value of paleoupwelling data is great. For example, there is a debate concerning the frequency of El Niño and the related mean and seasonal variation in SST in the early to middle Holocene (e.g., Shulmeister and Lees, 1995; Sandweiss et al., 1996 Sandweiss et al., , 1997 Sandweiss et al., , 2001 DeVries et al., 1997; Wells and Noller, 1997; Thompson et al., 1995; Gagan et al., 1998; Rodbell et al., 1999; Tudhope et al., 2001; Riedinger et al., 2002; Andrus et al., 2002 Andrus et al., , 2003 Koutavas et al., 2002; Moy et al., 2002; Béarez et al., 2003) . Upwelling data could help distinguish the effects of the role of deep and surface water currents in these changes and better defi ne the mean and seasonal upwelling conditions within which El Niño may have operated in the past.
Past upwelling is assessed in some tropical regions by analyzing the radiocarbon content, through ontogeny, of relatively recent corals (e.g., Druffel, 1981 Druffel, , 1982 Druffel, , 1987 Griffi n, 1993, 1997; Moore et al., 1997; Guilderson et al., 1998 Guilderson et al., , 2000 Guilderson et al., , 2002 . The rationale behind this approach is that deeper water contains dissolved inorganic carbon (DIC) that is depleted in 14 C relative to surface water due to the length of time the water has been isolated from atmospheric carbon (ventilation age). In an area of temporally variable vertical mixing, such as that caused by El Niño/southern oscillation, organisms that continuously precipitate carbonate skeletons will record any changes in ambient water 14 C in their skeletal 14 C. If the age of the skeleton can be independently constrained, for example through analysis of incremental growth and/or through independent age dating, and the 14 C age of the carbonate is calculated, the difference in ages will be a function of the degree of vertical mixing and ventilation age. Sequential analyses of such a carbonate would track how the water column changes through time. For example, during an El Niño event, as the deep water with a relatively old ventilation age is displaced by surface water, this variation would be recorded in carbonates growing throughout the change.
Nuclear bomb-derived radiocarbon currently enhances the difference between the apparent ages of deep and surface water. The enrichment in 14 C in surface waters has been used as a largescale oceanic current tracer by marking the temporal and spatial progression of this anthropogenic radiocarbon in water and coral (see Östlund and Stuiver, 1980; Broecker et al., 1985; McNichol et al., 2000; Key et al., 1996 Key et al., , 2002 . In the absence of bombderived radiocarbon, as would be the case in paleo-upwelling proxies, the radiocarbon difference between surface-and deepocean currents would provide a measure of only natural ventilation age variation. This method could be applied to ancient carbonates in Peru to elucidate the history of El Niño/southern oscillation-related upwelling patterns.
As the coast of Peru is presently dominated by temperate water, no coral exist that are suitable for the analyses described above, however mollusks represent a viable alternative. Mollusk shells are a frequently used and reliable source of 14 C data for purposes of constraining ΔR, the local variation in reservoir effect (e.g., Taylor and Berger, 1967; Southon et al., 1990 Southon et al., , 1992 , shell growth rate (Turekian et al., 1982; Landman et al., 1988) , and measurement of recent variation in the eastern equatorial Pacifi c thermocline (Toggweiler et al., 1991) , in addition to multiple applications of age dating archaeological materials (e.g., Sandweiss et al., 1989; Kennett et al., 2002) . The abundance of a wide variety of mollusk species in archaeological sites on the Pacifi c coast of South America (e.g., Sandweiss et al., 1996 Sandweiss et al., , 2001 ) and the presence of fossil assemblages of similar or more ancient age (e.g., Hsu et al., 1989) create the possibility of measuring changes in deep-water upwelling from the late Pleistocene through the Holocene. By measuring changes in ΔR through time as evidenced by comparisons between shell radiocarbon and known age dates, a broad description of variation in upwelling could be created, and by analyzing individual shells at high resolution through ontogeny, seasonal variation in upwelling at different time periods could be measured.
The research we describe here is a modern analogue validation of the application of molluscan radiocarbon as a proxy for El Niño/southern oscillation-related upwelling. The effects of the strong 1982-1983 El Niño on shell radiocarbon and δ 18 O are described.
SPECIES DESCRIPTION
The species selected for analysis is the cockle Trachycardium procerum (Mollusca: Bivalvia: Cardiidae), sometimes locally called mule's hoof (pata de mula) (Fig. 1) . It ranges in the eastern Pacifi c from Mexico to Chile (Olsson, 1961) . This species is present in well-dated archaeological contexts, modern collections, and in deposits from the last several interglacial epochs, so it could be a useful climate proxy for the Holocene and later Pleistocene. It is common in northern Peru in littoral and embayed environments where it is a shallow infaunal fi lter feeder favoring sandy substrates. T. procerum produces relatively large (>8-10 cm) ribbed valves composed of aragonite.
The growth patterns in the valves in this analysis were described in detail by Rollins et al. (1986 Rollins et al. ( , 1987 . The samples were collected in 1984 and lived throughout the strong 1982-1983 El Niño event. Rollins et al. (1987) noted that the incremental microstructure changed in the aragonite precipitated during El Niño. A broad and shallow growth break occurred during El Niño warming. Analysis of subdaily increments by Rollins et al. (1987) indicated that the growth break occurred in April and June in the two shells described. The orientation of the laminae changed in subsequent growth in these individuals. Microincrements in T. procerum ordinarily have an angle of inclination to the valve surface of ~35°, but during El Niño the increments are precipitated at ~10° to the valve surface. This microstructural change resulted in a readily apparent "fl attening" of shell curvature indicative of material precipitated during El Niño (Fig. 1 ). This anomaly is present in all of the shells examined in the modern collection but was more prominent in some individuals than others.
Population studies along coastal Peru have shown that T. procerum survives El Niño events, whereas heat-intolerant species of mollusk, such as Mesodesma donacium, suffer near complete mortality north of 12°S (Rollins et al., 1986 (Rollins et al., , 1987 Sandweiss et al., 2001) . Moreover, the growth anomaly found in this T. procerum indicates that this species continues to grow during periods of temperature stress: a signifi cant quantity of shell carbonate was precipitated during the 1982-1983 El Niño event. Based on the timing of the El Niño-related growth break as documented by Rollins et al. (1987) , this organism did not become stressed until several months after the onset of the warm event. Therefore the shell chemistry should refl ect related local environmental variation through this time. The presence of the growth "scar" provided an unambiguous independent measure of the timing of shell precipitation relative to the progression of the El Niño event.
METHODS
The T. procerum valve analyzed in this research (2TP4-2) was collected by commercial divers near Los Chimus (~9.30°), between Chimbote (9.07°S) and Casma (9.44°S) (Fig. 2) . Soft tissue was removed from the valve soon after collection and the valve was stored dry until analysis. Prior to sampling, the outer surface of the valve was cleaned, abraded by a wire brush, and washed in distilled water to limit surface contamination.
Thirty samples were milled from the outer surface along transects parallel with macroscopic growth increments. Sampling followed ontogeny and the location of each sample relative to growth structures was noted in addition to measuring the distance of the sample from the hinge along the longest axis of growth. Each transect was ~0.5 mm wide and <0.5 mm deep. Near the hinge area and near the outer edge (where abrasion had damaged the shell) multiple transects (usually 2-3) were milled to generate the ~3-4 mg of powdered sample needed for AMS measurement. Only one transect was required in other areas of the shell. Smaller samples (<1.0 mg) were taken from the same transects for δ 13 C and δ 18 O analyses. CO 2 was extracted from the samples following conventional phosphoric acid techniques and was cryogenically purifi ed.
Samples for 14 C analysis were reduced to graphite using an iron catalyst following the method of Vogel et al. (1984) . Graphite 14 C/ 13 C ratios were measured by AMS at the University of Georgia AMS Laboratory at the Center for Applied Isotope Studies. The calculations for determination of pMC were based upon ratios measured from oxalic acids I and II standards and 14 C-dead process blank samples. The uncorrected pMC of the samples was calculated according to equations presented in Stuiver and Polach (1977) and Donahue et al. (1990) . δ 13 C and δ
18
O values were measured on a Finnigan MAT 252 isotope ratio mass spectrometer (IRMS) at the University of Georgia Department of Geology Stable Isotope Laboratory. All data were reported in parts per mil (‰) relative to the Vienna Peedee belemnite standard with precision calculated as ~0.07‰ (1σ) for both δ
O and δ
13
C based on analysis of the University of Georgia working standard Iceland Spar (Landis, 1983) . These δ 
RESULTS
Of the thirty samples that were milled from the valve, each was measured for δ 
18
O profi les followed a roughly sinusoidal pattern; however, the two curves were out of phase. The greatest Δ 14 C value, 107.9 pMC, was measured in carbonate precipitated during the El Niño, while the most negative δ 
DISCUSSION
The T. procerum Δ 14 C profi le (Figs. 3 and 6 ) follows the pattern predicted to occur in carbonates formed during the El Niño cycle in Peru. During an El Niño along this coast, the thermocline deepens and the source of upwelling water changes from the colder, nutrient-rich (containing older, 14 C-depleted DIC) subthermocline water to nutrient-poor, warm (containing younger, 14 C-enriched DIC) water largely originating above the thermocline. Upwelling intensity may diminish as well. Less of the deep, 14 C-depleted water reaches the surface during El Niño, thus carbonates precipitated during this event are 14 C-enriched relative to times before and after the event.
A signifi cant positive excursion in Δ 14 C occurs coincident with carbonate precipitated during El Niño, indicating the encroachment of 14 C-enriched surface water. Prior to this excursion, the mean Δ 14 C value is 99.8 pMC with a maximum seasonal range of 2.1 pMC. Huyer et al. (1987) suggested that before, during, and after the 1982-1983 El Niño the source depth of upwelled water was between 50 and 100 m. In order to test this hypothesis with the T. procerum data, detailed Δ 14 C data from the entire water column closely adjacent to the collection site are necessary. Unfortunately such data are not available. As part of the World Ocean Circulation Experiment (Key et al., 2002 ; http:// www.woce.org) in 1993, water samples were measured nearly 800 km offshore (longitude ~86°W) near the latitude of the T. procerum collection site. Unfortunately, this distance between the shell collection site and the World Ocean Circulation Experiment data is too great to ensure a precise and meaningful determination of the depth of upwelling, especially considering the trend for the thermocline to be shallower near the coast.
Another complicating factor in 14 C comparisons between the shell and the World Ocean Circulation Experiment data is that the shell was collected almost a decade before the sampling, thus bomb radiocarbon may not have penetrated as deeply into the water column during the life of the T. procerum. Unfortunately, the earlier Geochemical Ocean Sections Study did not sample proximal to the coast of Peru (Östlund and Stuiver, 1980) , so no estimate of local change in depth of bomb-radiocarbon penetration can be confi dently made.
Although a precise comparison between the shell and water DIC radiocarbon is not possible at this point due to limited local seawater data, the mean pre-El Niño Δ 14 C value in the T. procerum is consistent with the shell growing in a mixture of deeper water and bomb-enriched surface water. As the surface water component in the mixture begins to dominate during El Niño, the shell becomes 14 C-enriched to a maximum value of 107.9 pMC (Figs. 3 and 6) .
Clearly, bomb-generated radiocarbon in the surface ocean exaggerates the amplitude of seasonal and El Niño oscillations in Δ 14 C. In a prebomb shell, as would be encountered in archaeological or fossil deposits, the difference in age between El Niño and non-El Niño growth would be a function of upwelling and ventilation age of the deep water component. In order to determine the pattern of El Niño/southern oscillation and seasonal variability without the infl uence of anthropogenic 14 C, a prebomb valve captured at a known time must be sampled. However, Toggweiler et al. (1991) estimated that the Δ 14 C in prebomb upwelled water off Peru would range between 91.9 pMC and 92.8 pMC, thus we feel that differences between surface and upwelled currents would be readily detectable even in the absence of bomb radiocarbon.
The overall pattern in the δ
18
O profi le (negative values in carbonate precipitated during El Niño) is consistent with measured contemporaneous local SST variation, but the maximum amplitude of variation caused by El Niño seems attenuated relative to measured SST range (Figs. 4 and 6 ). In the molluscan aragonite δ
O/temperature equation (Grossman and Ku, 1986 ), a The warm SSTs of the 1982-1983 event persisted for ~12 months, and the associated negative anomaly in δ
O was measured in 8 samples. Thus the mean time average of the shell samples is ~1.5 months during this period of growth. Time averaging therefore contributes to some of the difference between the instrumental SST record and temperatures predicted from δ 18 O measured in the T. procerum shell. Additionally, the distance between the collection site and the data station may account for some differences in the SST records. The shallow endobenthic habitat of the species would also be a factor in insulating the valve from exposure to the greatest temperature extremes. There is a growth break of an unknown duration near the time of peak El Niño SST warming (Rollins et al., 1986 ) that may diminish the maximum amplitude of δ
O recorded in the shell during El Niño. More analyses of modern specimens of T. procerum collected from monitored locations in conjunction with detailed SST data are necessary before assessments of absolute temperatures can be made with confi dence. Nevertheless, the data seem robust in terms of relative variation in temperature throughout the period of growth of an individual valve. The negative excursion in δ 18 O in the profi le is diagnostic of El Niño and is therefore valuable as a potential proxy as suggested by Rollins et al. (1987) , Perrier et al. (1994) , and Andrus et al. (2003) .
Compared to Δ C from upwelling currents versus surface waters. Typically in upwelled waters, the DIC available to growing mollusks is relatively depleted in 13 C compared with surface waters, due to increased productivity (Killingley and Berger, 1979) . As surface currents displace deeper upwelling during El Niño, the local waters off Peru contain more 13 Cenriched DIC due to decreased productivity, and this is refl ected in the aragonite precipitated in the T. procerum. However, given that the maximum deviation in δ (Fig. 6) C data presented here suggest caution in the interpretation of estimated ΔR or age dates derived from whole-shell analyses in regions subject to El Niño/southern oscillation-related upwelling. Had the T. procerum shell analyzed through ontogeny in this study been measured for age data via whole-shell analyses, a signifi cant error would have been introduced through shortterm variation in ΔR. Similarly, shells collected shortly after El Niño events that are used to determine ΔR may provide misleading data due to upwelling variation that occurred at some point earlier in ontogeny. In order to avoid these potential diffi culties, mollusks analyzed for such purposes should be sampled sequentially to control for large short-term variations in Δ 14 C caused by upwelling/thermocline shifts. Sampling resolution need not be as fi ne as in this study, but should be conducted at a temporal resolution such that interannual scale change is detectable. Twelve-month temporal resolution in sampling may be suffi cient to detect such events.
CONCLUSIONS
Molluscan radiocarbon profi les may serve as proxies of past upwelling related to El Niño/southern oscillation in coastal Peru. Fine temporal resolution analyses, as performed in this study, contain data pertinent to defi ning seasonal and mean upwelling conditions and ventilation ages. Because T. procerum and some other mollusk species survive the temperature extremes associated with the El Niño/southern oscillation cycle, the coupled Δ 14 C and δ
18
O profi les from the valves of these organisms would contain evidence of particular past El Niño events. If longer-lived species can be identifi ed and found in contexts, archaeological or otherwise, that provide independent age dates it may be possible to reconstruct El Niño frequency histories. In the absence of longlived species for analysis, data from shorter time windows will nevertheless be a source of valuable insight concerning general upwelling conditions at the time of shell growth. Additionally, comparisons between shell Δ 14 C values and associated terrestrial age dates will permit reconstruction of past variation in ventilation age, as advocated and conducted by Stuiver and Braziunas (1993) and Southon et al. (1990 Southon et al. ( , 1992 Southon et al. ( , 1995 . As upwelling is a central defi ning factor in El Niño/southern oscillation, all of these potential applications may signifi cantly contribute to better understanding of this global climate phenomenon.
